To test the hypothesis that the frequency of escape mutations in a given population is correlated with the prevalence of the relevant HLA allele in that population, we studied nine distinct cohorts from North America, the Caribbean, Europe, sub-Saharan Africa, Australia and Japan, in which we performed HLA typing, and defined the viral mutations arising within CD8
1 T-cell epitopes. We focused initially on a well-characterized mutation, I135X, within the HLA-B*51-restricted epitope, TAFTIPSI (RT 128-135) 8 , because it arises in acute infection, non-HLA-B*51 alleles do not also select this mutation 7, 9 , and it does not revert to Ile 135 after transmission to HLA-B*51-negative subjects 9 . Thus, if highly prevalent HLA alleles drive a high frequency of escape mutations in the population, this would be most obvious in relation to HLA-B*51 and the escape mutant I135X. We then considered an additional 13 well-defined escape mutations, including those known to reduce viral fitness and therefore liable to revert after transmission.
I135X was selected in 205 of 213 (96%) HLA-B*51-positive individuals analysed (Figs 1 and 2, and Supplementary Fig. 1 ). The I135X variants do not significantly affect viral replicative capacity in vitro, other than the rare I135V mutation. This was the only variant observed to revert to wild-type in vivo during a 3-year follow-up of 38 HLA-B*51-negative subjects identified during acute HIV infection who carried I135X mutant viruses at transmission (Fig. 1e) . The I135X mutants substantially affect HLA binding, and therefore also recognition by CD8 1 T cells ( Fig. 1f-h ). Thus, HIV transmission from HLA-B*51-positive subjects would probably involve transmission of I135X, which would persist in the new host. Newly infected HLA-B*51-positive subjects receiving an I135X mutant would be unable to generate an HLA-B*51-TAFTIPSI-specific response.
To test the hypothesis that the population frequency of I135X is correlated with HLA-B*51 prevalence, HIV sequence and HLA data were collated from the nine study cohorts. One cohort comprised subjects with acute/early HIV infection; the remaining cohorts comprised chronically infected subjects. In all cohorts the odds ratio strongly favoured I135X in the HLA-B*51-positive subjects, even in the acute cohort where I135X was selected sufficiently early to be already over-represented in HLA-B*51-positive subjects (odds ratio 1.65, P 5 0.07, Fig. 2a ). In Japan, where HLA-B*51 is highly prevalent 10 (21.9% of the study cohort), the frequency of I135X was .50%, and overall across all cohorts the I135X frequency was strongly correlated with HLA-B*51 prevalence (P 5 0.0001, Fig. 2b ). To control for the possibility that disproportionately more virus sequences from HLA-B*51-positive subjects were analysed, the same analysis comparing I135X frequency in HLA-B*51-negative subjects only was undertaken, with similar findings (Fig. 2c , P 5 0.0006). These data suggest that HIV may be adapting to HLA-B*51 with respect to the HLA-B*51-TAFTIPSI response in localities where HLA-B*51 is at high prevalence.
Additional evidence that I135X is accumulating in Japan comes from the observation that only 3 of 14 (21%) HLA-B*51-negative Japanese haemophiliacs infected in 1983 carried I135X, compared with 30 of 43 (70%) HLA-B*51-negative subjects infected between 1997 and 2008 (P 5 0.002). Furthermore, HLA-B*51 does not protect against disease progression in Japanese subjects infected between 1997 and 2008, whereas HLA-B*51-positive haemophiliacs infected in 1983 had lower viraemia levels and higher CD4 counts than HLA-B*51-negative haemophiliacs ( Supplementary Fig. 2 ). These data are consistent with fewer HLA-B*51-positive subjects targeting TAFTIPSI during 1997-2008, owing to a population-level increase in the HLA-B*51 I135X escape mutation over this 14-25-year period.
To investigate HIV adaptation to other HLA alleles, we initially examined other escape mutations shown previously to persist stably after transmission 5, 7 . We selected the three non-reverting Gag polymorphisms that, from analysis of 673 study subjects in Durban, South Africa 7 , were most strongly associated with the relevant restricting allele (P , 10 26 after phylogenetic correction), namely, S357X, D260X and D312X within epitopes restricted, respectively, by HLA-B*07 (GPSHKARVL, Gag 355-363), HLA-B*35 (PPIPVGDIY, Gag 254-262) and HLA-B*44 (AEQATQDVKNW, Gag, 306-316). In addition, we analysed a non-reverting I31V variant (LPPIVAKEI, Int 28-36) previously hypothesized to increase in relation to population HLA-B*51 prevalence 5 . These additional polymorphisms show a similar relationship to that between I135X and HLA-B*51, overall showing a strongly significant correlation between variant frequency and prevalence of the restricting HLA allele (Figs 3 and 4a, and Supplementary Fig. 3 ).
The spectrum of HLA-associated polymorphisms also includes mutations reducing viral fitness 1 . These either revert to wild type after transmission, or persist in the presence of compensatory mutations. We extended these analyses to include epitopes restricted by HLA-B*27 and HLA-B*57, alleles strongly associated with successful immune control of HIV 11, 12 . The mutations analysed themselves are associated with precipitating loss of immune control [13] [14] [15] [16] and all inflict a documented viral fitness cost, either demonstrated by in vitro fitness studies and/or in vivo reversion 7, 14, [17] [18] [19] [20] [21] (data not shown for V168I).
Again, a strong correlation between escape mutant frequency and prevalence of the restricting HLA allele was observed (Figs 3c-f and 4b, and Supplementary Fig. 3 ; overall, for these nine variants affecting viral fitness, r 5 0.69, P , 0.0001). Unexpectedly, this correlation (1) and -negative (2) subjects within nine study cohorts. In the acute cohort (London) 69% of HLA-B*51-positive subjects expressed I135X mutant at enrolment, 100% within 2 years of baseline ( Supplementary Fig. 1 ). b, Correlation between frequency of I135X mutation and HLA-B*51 prevalence in the nine study populations. Logistic regression P 5 0.0001 (Supplementary Table 1 ). c, Correlation between I135X frequency in HLA-B*51-negative subjects and HLA-B*51 prevalence in nine study populations. Error bars represent 95% confidence limits, obtained using a binomial error distribution.
remained significant even when comparing HLA prevalence with variant frequency in the HLA-mismatched population (r 5 0.40, P 5 0.0004). As anticipated, non-reverting variants such as I135X accumulate at the population level, but even rapidly reverting 18, 20 mutations such as T242N can accumulate, if the selection rate exceeds the reversion rate (Fig. 4c, d ).
Although frequency of the analysed HIV polymorphisms and HLA prevalence were strongly correlated overall, some anomalies were observed. For example, despite a 0% prevalence of HLA-B*57 in Japan 10 , 38% of the Japanese cohort had the HLA-B*57-associated A146X variant. One potential explanation might be A146X selection by non-HLA-B*57 Japanese alleles. Analysing Gag sequences from Japanese study subjects, we observed a strong association between A146P and HLA-B*4801 (P 5 0.00035), and then that A146P is indeed selected in HLA-B*4801-positive subjects ( Supplementary  Fig. 4a, b) . We defined a novel HLA-B*4801-restricted epitope (Gag 138-147), showing also that A146P is an escape mutant ( Supplementary Fig. 4c-f ). These data illustrate that more than one HLA allele can drive the selection of a particular escape mutant ( Supplementary Fig. 5 ). Also, in populations where HIV-specific CD8 1 T-cell responses are incompletely characterized, the influences of locally prevalent HLA alleles on HIV sequence variation are unknown.
These data show a strong correlation between HLA-associated HIV sequence variation and HLA prevalence in the population (r 5 0.69, P , 0.0001, Supplementary Fig. 6 ), suggesting that the frequency of the studied variants is substantially driven by the HLA-restricted CD8 1 T-cell responses. Non-reverting variants 5, 7 , as well as those previously shown to arise at a fitness cost 7, 14, [16] [17] [18] [19] [20] [21] , were studied. The latter constitute approximately 55-65% of HLA-associated polymorphisms 7, 20 . This current analysis included epitopes whose role in HIV immune control is unknown, as well as those believed to contribute significantly to containment of HIV 4, 7, [13] [14] [15] [16] [17] [18] [19] . Analysis of well-characterized epitopes only also served to limit potential confounding influences of epitope clustering (selection of the same variant by different HLA alleles) and of founder effect. Either would be capable of obscuring a true HLA effect on population variant frequency.
The HLA-B*57-associated A146X mutation illustrates the complexity that may result from epitope clustering. A146X is selected by at least six distinct HLA alleles ( Supplementary Fig. 5 ). A true correlation existing between mutation frequency and individual HLA allele prevalence might thus be obscured by selection of the same mutation by other alleles.
Founder effect also has an undoubted influence on population frequencies of particular polymorphisms 6 . Phylogenetic correction of sequence data excludes founder effect as a confounder 6, 7, 9 , and the highly significant associations between the presence of particular HLA alleles and all 14 HIV polymorphisms studied, persisting after phylogenetic correction (Supplementary Table 3 ), provide compelling evidence that the effects observed here are substantially HLAdriven. The large numbers of study subjects in these current studies reduce the likelihood of genuine HLA associations with HIV amino acid polymorphisms being obscured by founder effects. The relative impact of HLA and founder effect on variant frequency is harder to quantify, and is likely to differ substantially between particular populations.
The consequence of HIV adapting to certain CD8 1 T-cell responses is unknown. For non-reverting polymorphisms such as HLA-B*35-associated D260E, the variant approaches fixation, because even at population frequencies of 90%, D260E is still significantly selected in HLA-B*35-positive subjects (Supplementary Fig.  7b ). Important questions relevant to vaccine design include the extent and rate of sequence change in populations. Relevant factors include the selection rate in subjects expressing the HLA allele, the reversion rate in HLA-mismatched subjects, the population HIV LETTERS transmission rate, and HLA allele prevalence. Models would need to include factors such as the selection of compensatory mutations to slow reversion rates, and antiretroviral therapy access that would slow transmission rates. HLA adaptation to certain CD8 1 T-cell responses may also alter currently established HLA associations with slow disease progression. Data here suggest that, whereas 25 years ago HLA-B*51 was protective in Japan 11, 12 , this is no longer the case (Supplementary Fig.  2 ). The apparent increase in I135X frequency in Japan over this time supports the notion that HLA-B*51 protection against HIV disease progression hinges on availability of the HLA-B*51-restricted TAFTIPSI response. However, whether this is the case remains unknown.
For HLA-B*27 and HLA-B*57, there is more clear-cut evidence that their association with HIV control depends on the Gag-specific epitopes presented and analysed here 4, 7, [13] [14] [15] 18, 19 . For each of the HLA-B*27-and HLA-B*57-associated Gag mutations studied, an in vitro fitness cost or in vivo reversion has been observed. A strong correlation between variant frequency and HLA prevalence even for rapidly reverting variants can be explained, either by mutant acquisition exceeding reversion rate (Fig. 4D) , or by selection of compensatory mutations slowing or halting reversion altogether. The clearest example of the latter is the HLA-B*27-associated R264K mutation, 'corrected' by S173A 19 . Compensatory mutations are also well described for the HLA-B*57-associated Gag mutations 14, 18 . These data suggest that the escape mutations in these HLA-B*27-and HLA-B*57-restricted epitopes are accumulating over time. Several studies have now demonstrated that transmission of viruses encoding escape mutants in the critical Gag epitopes to individuals expressing the relevant MHC class results in failure to control viraemia 2, 21, 22 . The accumulation at the population level of these escape mutations in HLA-B*27 and HLA-B*57 Gag epitopes is therefore likely to reduce the facility of these alleles to slow HIV disease progression.
The longer-term consequences of this process for immune control of HIV are unknown. Loss of currently immunodominant epitopes would promote subdominant CD8
1 T-cell responses, which can be more effective 23, 24 . Also, the adapted virus provides new epitopes that can be presented, potentially with beneficial effects. In hepatitis C virus, for example, HLA-A*0301 holds a particular advantage, but only against the specific strain of virus responsible for the Irish outbreak 25 . In HIV, HLA-B*1801 is associated with high viraemia in C clade but not in B clade infection 10, 11, 26 ; the opposite applies to HLA-B*5301.
Thus, the data presented here, showing evidence that the virus is adapting to CD8 1 T-cell responses, some of which may mediate the well-established associations (HLA-B*57, HLA-B*27 and HLA-B*51) with immune control of HIV, highlight the dynamic nature of the challenge for an HIV vaccine. Important questions to be addressed include the speed and extent of sequence change, particularly in Gag, the most effective target for CD8
1 T-cell responses 1, 7, 13, 21 . The induction of broad Gag-specific CD8 1 T-cell responses may be a successful vaccine strategy, but such a vaccine will be most effective if tailored to the viral sequences prevailing, and thus may need to be modified periodically to keep pace with the evolving virus. Moreover, the strong associations between certain HLA class molecules, such as HLA-B*57, HLA-B*27 and HLA-B*51, and slow disease progression may decline as the epidemic continues, particularly where these HLA alleles are highly prevalent, and where HIV transmission rates are high.
METHODS SUMMARY
Overall 2,875 subjects were studied, from 9 previously established study cohorts. These cohorts comprised subjects from North America, the Caribbean, Europe, sub-Saharan Africa, Australasia and Asia. All subjects were antiretroviral-therapy-naive. Apart from the London acute cohort (n 5 142), all cohorts comprised chronically infected subjects. The 14 variants studied are well-defined escape mutations within well-characterized CD8
1 T-cell epitopes, and included those persisting after transmission and likely to have little effect on viral fitness (n 5 5), as well as those shown previously to reduce viral fitness (n 5 9). Autologous HIV-1 sequences, and HLA class I types, were determined for all study subjects. The replicative capacity of I135X variants selected within the HLA-B*51-restricted epitope TAFTIPSI (RT 128-135) was assessed via in vitro competition assays and also via longitudinal follow-up of HLA-B*51-negative subjects infected acutely with I135X variants. Polymorphism frequency in the study cohorts was compared with prevalence of the relevant HLA molecule in the study cohort using a logistic regression model taking into account the different numbers of study subjects in each cohort. Demonstration of an HLA allele driving escape at Gag 146 in the Japanese cohort was undertaken first by identification of an association between HLA-B*4801 and A146P, subsequent definition of an HLA-B*4801-restricted CD8 1 T-cell response to a novel epitope Gag 138-147 (LI10), and finally demonstration that A146P reduced viral recognition by LI10-specific CD8 1 T cells.
Full Methods and any associated references are available in the online version of the paper at www.nature.com/nature.
